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DISRUPTION OF TONOFIBRILS AND INTERCELLULAR
BRIDGES BY DISULFIDE-SPLITTING AGENTS*
RICHARD B. STOUGHTON, M.D. AND NATALIE NOVAK
Disulfide groups have been shown by Van Scott and Flesch to be present in
significantly high and relatively uniform concentrations throughout the epi-
dermis (1). In view of the work of Rudall (2), Giroud (3), and Dirksen (4),
which relates the tonofibrils to keratin by similarities in molecular configuration,
the possibility that the fibrillary cytoplasm (tonofibrils) and intercellular bridges
contain disulfide groups was investigated. If it be the case that the submicro-
scopic organization of these fibrillary structures is due, at least in part, to disul-
fide linkages, then disulfide-splitting agents might cause their disruption. Should
the adherence of one epidermal cell to another be a function of the intercellular
bridges, the resultant disruption would lead to the separation of cells or to what
might be termed "in vitro blister formation". Since sulfhydryl compounds are
known to cause disulfide reduction, thioglycollic acid, cysteine, and reduced
glutathione were used for this purpose.
Our interest in the problem of the adherence of epidermal cells to one another
led us to investigate the in vitro effect of heat on fresh human epidermis with
and without subsequent incubation at 37°C., and the effect on fresh human
epidermis of extremes in pH.
METHODS
I. SH gronps and pH
The fresh human skin used in all experiments was obtained from breasts
removed surgically for carcinoma. Within 1—2 hours after removal, 2 x 2 mm.
pieces of the fresh skin were immersed in solutions of either sulfhydryl agents
or buffer adjusted to the desired pH. Duplicate experiments were done with
skin that had been previously frozen. The concentrations, solvents, incubation
time, temperature, and pH are shown in Tables 1 and 2.
Subsequent to incubation in the above solutions the pieces of skin Were fixed
in neutral 10 % formalin and processed in the routine manner for paraffin im-
bedding.
II. Thermal injury and inhibition
For the thermal injury experiments, fresh human skin and human skin which
had been previously frozen were exposed to 50—90 degrees C. for 60—120 seconds
by placing the skin, epidermis down, on the aluminum plate of a crystal melting
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TABLE 1
Conditions of incubation in sulfhydryl solutions*
Sulihydryl Agent Solvent Concentration (w/v) Time Temperature
C
4°,20°,37°
37°
37°
Cysteine
.Dust. H20
.85% NaC1 in dist.
H20
.2M P04 buffer pH
6.5 in dist. H20
1:10
1:100
1:1000
1 :3000
fi:ioo
1:1000
1:1000
hrs.
24
24
24
Cystine (disulfide) Dist. H20
.85% NaCl in dist.
H20
.2M P04 buffer pH
6.5 in dist. H20
Saturated solution
Saturated solution
Saturated solution
24
24
24
37°
37°
37°
Reduced glutathione
Dist. H20
.85% NaC1 in dist.
1120
.2M P04 buffer pH
6.5 in dist H90
1:10
1:100
1:100
1:1000
1:10
•
24
24
4,8,20
37°
37°
4°,20°,37°
Thioglycollic acid Adjusted to pH 8.5
with iN NaOH
.1M 24 37°
* Control pieces were incubated in the solvents without sulfhydryl agents to check
the possibility of contamination or autolysis.
point apparatus, the temperature of which is accurately controlled. Following
this, some specimens were placed in humid petri dishes and incubated at 37°,
20°, or 4° C. for 12—24 hours. Control specimens were placed in 10 % formalin
immediately following exposure to 55°C. heat with no subsequent incubation.
A second type of control specimen was incubated along with the experimentals
without previous heat treatment.
To test the possibility that heat damage to tonofibrils and intercellular bridges
is enzymic in nature, experiments with inhibitors were done. In these experi-
ments fresh skin specimens were first exposed at room temperature for 4 hours
to 1:1000 solutions of Cue, fig++, AsO, Ag+, FF, suramin sodium, and soy
bean trypsin inhibitor in distilled water to allow adequate permeation of the
tissue. Control pieces were incubated at room temperature for 4 hours in dis-
tilled water and .85 % saline without the presence of inhibitors. The experi-
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TABLE 2
pH of buffers used
Acetate* Phosphate* Borate* IICI
3.8 5.9 7.8 1.0
4.2 6.4 8.2 2.0
4.6 6.8 8.4 2.5
5.0 7.2 8.6 3.0
5.6 7.7 8.8
9.2
3.5
* All concentrations were .2M; incubation only for 24 hrs. at 37°C.
mentals and controls were then heated at 55° C. in the manner described above
and subsequently incubated at 37° C. We also had controls with no incubation
after heat treatment.
RESULTS
I. SH groups and pH
Cysteine and reduced glutathione cause first, a disruption of intercellular
bridges and breakdown of cytoplasmic tonofibrils, and eventually loss of the
entire cytoplasm (Fig. 1). This effect is more pronounced at a lower pH (3.0—
3.3) than at a higher pH (5.0—6.0) and also more pronounced in distilled water
than in isotonic saline. HC1 solutions at pH 2.0—2.5 will effect a similar cytolysis.
However, HC1 solutions at pH 3.0—3.5 will not result in the cytolytic changes
seen with cysteine and glutathione in the same p11 range. Acetate, phosphate
and borate buffers from pH 3.6—8.6 will not elicit cytolytic changes nor will
cystine.
If one follows the changes caused by cysteine and glutathione from its early
manifestations, the sequence of events is as follows: 1) initially the cells lose
the distinct outlines of the intercellular bridges and then start to separate from
each other, 2) the fibrillary cytoplasm becomes less distinct and eventually is
completely lost until finally 3) the entire cytoplasm is lost leaving only the
nuclei. The earliest alterations are more prominent in the basilar and lower
rete areas. The upper rete cells seem to be the most resistant.
The damage to the epidermal cells seen after exposure to sodium thioglycol-
late (pH 8.5) and borate buffer (pH 8.8) differs from that created by cysteine
and glutathione in that there is less destruction of cytoplasmic fibrils, but the
intercellular bridges are disrupted arid the cells readily separate from each other
(Fig. 2).
All the changes seen occur more readily at 37° than at 20° C. and are minimal
even after long periods of time at 4° C. This gradient of activity at different
temperatures holds about equally for cysteine, glutathione, sodium thioglycollate
and extremes of pH.
Previous freezing of the skin greatly interferes with all of the above reactions,
and fixation in formalin and acetone completely inhibits them.
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FIG. 1. Human skin after twenty-four hours incubation in 1/1000 cysteine pH 3.2. Loss
of intercellular bridges and cytoplasmic fibrils is apparent. The epidermal cells tend to
separate from each other (400X) H and E.
FIG. 2. Human skin after twenty-four hours incubation in 0.1 M thioglycollate (pH 8.5).
The same picture is seen with borate buffer (pH 8.8—9.2). Intercellular bridges are absent
and damage to cytoplasm not as great as that seen with cysteine. (490X). H and E.
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FIG. 3a. Fresh human skin heated at 55 degrees C and immediately fixed in 10% for-
maim. The picture is identical to that seen with skin incubated alone at 37 degrees C for
twenty hours. There are no epidermal changes. (350X) H and E.
FIG. 3b. Fresh human skin heated at 55 degrees C and then incubated at 37 degrees C
for twenty hours. Note epidermal cell separation and cytolytic changes. (350X) H and E.
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FIG. 4a. Early enzymic cytolytic changes initiated by 55 degree C. exposure. Note be-
ginning of separation of cells from each other. (635X) H and E.
FIG. 4b. High magnification (2600X) of (a) showing loss of intercellula.r spines, separa-
tion of cells and minimal cytoplasmic changes. H and E.
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II. Thermal injury and inhibitors
Neither exposure of skin to 550 C. for 1—2 minutes, nor incubation of skin in
a humid petri dish for 24 hours without previous heat exposure results in any
morphologic alteration (Fig. 3a). However, if the skin is exposed to 550 C. for
12 minutes and then incubated at 370 C. for 24 hours, extensive morphologic
chaixge become evident (Figs. 3b, 4a, b). These changes are characterized by
dermal-epidermal separation, loss of fibrillary cytoplasm, some loss of inter-
cellular bridges and subsequent separation of epidermal cells from each other.
The alterations can be prevented by previous permeation of the skin with Cu;
Hg, AsOr, Ag+, and suramin sodium. Fluoride ion and soybean trypsin in-
hibitor do not have any inhibiting effect.
Thermal injury created by temperatures of 65° C. and above results in im-
mediate distortion of the basilar and lower rete cells. The cells become elongated,
show occasional separation from each other and cleavage at the dermal-epider-
mal junction. Further cytolytic changes similar to those brought about by 550 C.
with subsequent incubation are observed after incubation following heat injury
at 65° C.
Cytolysis resulting from incubation after heat exposure takes place very slowly
at 20° C. and not at all at 40 C. Skin which has been stored in the frozen state
exhibits no cytolysis either after intense thermal injury (65° C.) or after mild
therma' injury (550 C.) with subsequent incubation.
DISCUSSION
Van Scott and Flesch have demonstrated that disulfide groups are present in
roughly equal concentrations throughout the epidermis (1). Rudall (2), Giroud
(3), and Dirksen (4), have gathered quite convincing evidence that fibrous
proteins within the cellular epidermis are similar if not identical to those present
in the keratin layer. In view of these findings it seems reasonable to suppose
that the disulfide groups of epidermal cells reside within the tonofibrils and
intercellular bridges which represent the fibrous proteins of the epidermal cell.
We have shown that the disintegration of the fibrillary parts of the epidermis
(tonofibrils and intercellular bridges) can be accomplished by a variety of factors
1) sulfhydryl groups; 2) intense thermal stimulus alone; 3) mild heat stimulus
with subsequent incubation at 370 C., 4) high pH (8.8—9.2); and 5) low pH
(2.0—2.5).
The basic mechanism is possibly very similar in all these conditions, i.e., the
splitting of disulfide bonds. It is well known that sulfhydryl groups specifically
split disulfide linkages (5, 6, 7). Thioglycollate (pH 8.5) and highly alkaline
pH alone are known disulfide-splitting agents. The possibility of an enzymic
splitting of disulfide groups of the fibrous proteins of epidermal cells is an in-
triguing one. Linderstrom-Lange has shown that the clothes moth larvae con-
tail a disulfide-splitting enzyme (8). However, no such disulfide-splitting enzyme
has been identified in human skin.
The activity of sulfhydryl groups in the lower pH range (3.0—4.0) would
contradict the view that they are inactive in this range (7). However a discern-
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ible odor of H2S was noted from solutions of cysteine and glutathione at a pH
as low as 3.5. Also the known cleavage in the main and side chains of fibrous
epidermal protein at a very low pH (9, 10) may be additive to the cytolysis
created by sulfhydryl groups at the lower pH of 3.0—3.5. Certainly at a pH of
5.0—6.0, where control buffers of the same pH give no cytolysis, sulfhydryl com-
pounds do cause loss of tonofibrils and intercellular bridges.
Rudall has shown that a thermal exposure (400 C—80° C.) alters the molecular
configuration and physical constitution of fibrous epidermal protein (2). This
might explain the morphologic alterations that immediately occur in epidermal
cells with rather intense thermal stimulation.
It appears from our work that there is an enzymic system normally present
in skin (probably epidermis) which breaks down the fibrillary protein of the
epidermal cell and that this enzymic system is activated by a thermal stimulus.
In this respect it should be mentioned that an epidermal protease has been
identified in human skin by Wells and Babcock (11). Also, Ungar has described
a protease in guinea pig whole skin which is activated by heat (12). Both of
the above studies identified protease by the liberation of amino acids and the
possible role of these proteases in epidermal cytolysis was not studied. The
nature of the enzymic effect we have observed is probably different from that
of Wells and Babcock or Ungar in that the soy bean trypsin inhibitor does not
inhibit, and suramin sodium does inhibit the epidermal cytolysis observed by
us. Wells and Babcock were not able to inhibit their epidermal protease with
suramin sodium and Ungar did get inhibition of heat-induced proteolysis with
soy bean trypsin inhibitor. Previous work by Stoughton described an epidermal
cytolytic enzyme which was obtained from stool filtrates of ulcerative colitis
patients and which was inhibited by suramin sodium (13).
It is possible that cathepsins which are present in most cells are responsible
for the enzymic cytolysis that we have observed in thermally injured epidermal
cells (14). Further evidence for this is the fact that Cue, Hg, and Ag, all
sulfhydryl binding agents, inhibit this enzymic degradation. It is known that
cathepsins are sulfhydryl dependent enzymes (15).
We propose that the integrity of the tonofibrils and intercellular bridges is,
at least in part, dependent on the maintenance of disulfide linkages, and that
disruption of these structures results in separation of epidermal cells from each
other.
One cannot help but speculate about the mechanism of many vesicular derma-
toses. It seems quite possible that disulfide-splitting and/or enzymic cytolysis
may be of primary importance in initiating blister formation.
SUMMARY
1. Sulfhydryl compounds and extremes of pH cause in vitro disintegration of
tonofibrils and intercellular bridges of fresh, human epidermal cells. This results
in separation of rete cells from each other—"in vitro blister formation".
2. It is most probable that disulfide groups play an important role in the
integrity of intercellular bridges and cytoplasmic tonofibrils.
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3. Mild thermal stimuli release an enzymic degradation process which results
in the loss of intercellular bridges and cytoplasmic tonofibrils with resultant
separation of cells from each other.
4. The enzymic degradation can be inhibited by sulfhydryl binding agents
such as Cu++, Hg, and Ag+ and it is postulated that intracellular cathepsins
are responsible for the enzymic cytolysis.
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DISCUSSION
DR. HERBERT MESCON (Boston, Mass.): I believe 1)r. Montagna has demon-
strated sulfhydryl groups in the tonofibrils, and that has either been published
or is about to be published. This is one case where the histochemical demonstra-
tion of sulfhydryl groups might well show up what could riot be shown up in
the direct biochemical assay. I wonder if Dr. Stoughton had done such work.
DR. PETER FLESCH (Philadelphia, Penna.): I have never heard of a mammalian
enzyme which would be activated at 60°. Thioglycollates disrupt not only the
disulfide bridges, but attack other bonds in the molecule as well.
DR. EUGENE J. VAN SCOTT (Bethesda, Md.): I think the evidence does point
fairly well to the fact that the intercellular bridges and tonofibrils are prekeratin
structures, characterized by the disulfide bridge. In this connection it would
seem that an approach to pemphigus is available here, whether in the pemphigus
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blister fluid or in the epidermis of pemphigus there might be an enzyme or
reducing agent that causes rupture of disulfide bridges, which might be the
primary biochemical disorder.
DR. RICHARD B. STOTJGHTON (in closing): I very much appreciate the com-
ments of the discussants. I think anybody who wanders into the field of sulf-
hydryl and disulfide chemistry is in for trouble from the beginning.
First of all, I have not done any specific investigations histochemically on
the sulfhydryl or disulfide compounds of tonofibrils. I would be interested to
know what Dr. Montagna has found in this regard.
As far as activating enzymes at 60°, I think rather than saying that an enzyme
is activated by the heat one might say that the substrate is changed, so that
enzymes which are there and are not inactivated by this much heat are then
free to break down the denatured substrate.
As far as the results with thioglycollate, Dr. Flesch is right. One has to con-
sider that thioglycollates break down other chemical bonds in addition to disul-
fides. Such is also true for cysteine and glutathione, especially at a lower pH.
However, in consideration of all the findings and in the light of what we know
about the chemistry of fibrous cellular proteins the indications are to me, at
least, that we are dealing with a disulfide splitting process. Maybe the final
proof is not in but I will stick to that opinion.
Dr. Van Scott mentioned the clinical applications and I appreciate it very
much because I feel that perhaps in the future this approach will help us to
understand some of the blistering dermatoses.
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